INTRODUCTION
Ever since diffusion weighted imaging (DWI) was introduced in 1986 by Le Bihan et al. (1) , diffusion magnetic resonance (MR) imaging techniques have rapidly advanced and especially for the evaluation of the central nervous system. Among them, diffusion tensor imaging (DTI) reveals diffusion anisotropy and the directional distribution of water diffusivity and so it enables physicians/scientists to investigate microstructures and to map the white matter fiber tracts in the human brain in vivo, which is With the advances in diffusion magnetic resonance (MR) imaging techniques, diffusion tensor imaging (DTI) has been applied to a number of neurological conditions because DTI can demonstrate microstructures of the brain that are not assessable with conventional MR imaging. Tractography based on DTI offers gross visualization of the white matter fiber architecture in the human brain in vivo. Degradation of restrictive barriers and disruption of the cytoarchitecture result in changes in the diffusion of water molecules in various pathological conditions, and these conditions can also be assessed with DTI. Yet many factors may influence the ability to apply DTI clinically, so these techniques have to be used with a cautious hand.
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impossible with conventional MR imaging. Regardless of some limitations, the development of imaging and the postprocessing techniques has contributed to the widespread use of DTI for various neurological conditions (2) (3) (4) (5) (6) (7) (8) .
In this paper, we will briefly review the principles and techniques of DTI as well as its limitations. Exploring the white matter anatomy by DTI, the practical application of tractography in neurosurgical and neurological diseases and other general considerations will also be discussed.
Basic Principles
When water molecules diffuse equally in all directions with no preferential direction, the diffusion is considered to be isotropic. On the other hand, diffusion of free water in the body is not always the same in all directions of threedimensional (3D) space, which is defined as anisotropic diffusion. For example, in contrast to cerebrospinal fluid (CSF) where diffusion of water molecules is random and isotropic, diffusion anisotropy is often caused by the orientation of fiber tracts in the white matter as water diffuses in a direction parallel to the axon's longitudinal axis due to the axonal fibers and their myelin sheaths (9) .
Diffusion anisotropy represents the amount of kjronline.org 652 Ahn et al. directionality and this is affected by the physiochemical properties of the tissue and its micro-/macrostructures (10) . The differences in the diffusivity of water molecules can be measured by applying a pair of strong gradients, which is known as diffusion weighting. The degree of diffusion weighting is defined by the b value and this is determined by the type of sensitizing gradient scheme. DWI is usually obtained with a b value ranging from 700 to 1200 sec/mm 2 and a b value of 0 sec/mm 2 (the b0 image) (11) (12) (13) .
Diffusion tensor was developed to characterize the diffusion in anisotropic voxels and it describes the properties of a diffusion ellipsoid in 3D spaces. It has 3 eigenvalues (λ1 ≥ λ2 ≥ λ3), which represent the magnitude of the diffusivities, and 3 eigenvectors (v1, v2, v3), which signify the direction of diffusion within a voxel and these 3 eigenvectors are orthogonal to one another (Fig. 1) . The diffusivity along the principal axis, which is the direction of the maximum diffusion, is λ1 and the 2 small axes are λ2 and λ3. Six elements of the diffusion coefficient (Dxx, Dyy, Dzz, Dxy, Dxz, and Dyz) for each voxel are calculated from six images that are obtained by applying diffusion weighted gradients in at least 6 directions in order to measure the diffusion properties of water in 3D space and then the 3 eigenvalues and 3 eigenvectors can also be obtained from these elements. The quantity and directionality of the anisotropic diffusion in the white matter can be demonstrated on various maps (i.e., fractional anisotropy map, color-coded map, fiber tractography), and these will be discussed below.
Data Acquisition
Diffusion tensor imaging can be obtained by using a b value of 0 sec/mm 2 and diffusion weighted gradients in at least six orientations, as was mentioned before. While Hasan et al. (13) reported that there is no significant advantage to using more than six encoding directions as long as an optimum encoding is used for the six directions, Jones et al. (14) showed that at least 20 unique sampling orientations for anisotropy or 30 for tensor-orientation and the mean diffusivity are required for a robust estimation unless time is limited. Fast acquisition techniques such as echo-planar imaging (EPI) are generally used for DTI since motion-related artifacts may induce misinterpretation of diffusivity (15) . Although multishot EPI has an advantage over singleshot EPI in terms of the greater spatial resolution, the greater signal-to noise ratio and less susceptibility-related distortion, the use of multishot EPI is limited due to its longer data acquisition time. Therefore, cardiac gating, CSF suppression and navigator echo correction have been implemented to reduce motion-related artifacts, which also prolong the imaging time (16) (17) (18) . Single-shot EPI with acquiring the entire set of echoes within the same motioninduced error is commonly used in practice with a shorten image acquisition time to less than 5 min and sufficient tractographic results (19) . For the EPI, the reduction of phase-encoding steps with a parallel imaging technique will lead to a reduction in the readout length for data acquisition, and this may result in a major reduction in image distortion. In addition, with the advances in 3.0-Tesla (T) MRI, a higher signal-to-noise ratio of the images can be obtained. A previous study compared the depiction of fiber tracts at 3.0-versus 1.5-T DT tractography with parallel imaging and that study revealed better visualization of fiber tracts at 3.0T (20) . In addition, high-spatial-resolution DTI of the brainstem, where image distortion can be especially troublesome with conventional EPI, has been achieved at 3.0T with parallel imaging (21) .
Techniques
Fractional anisotropy (FA) is a measure of anisotropic water diffusion, which is the shape of diffusion with a scalar value (22) 
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within the fiber tracts. For example, white matter, where anisotropy is high, shows the bright end of the gray scale, whereas gray matter reveals the dark end of the gray scale ( Fig. 2) . Similarly, a loss of anisotropic diffusion can be related to abnormalities within the cellular microstructure.
A color-coded map may be a more practical way of visualizing the data as it can be generated from eigenvalues and eigenvectors, of which the intensities are scaled in proportion to the FA and the elements are conventionally assigned to red (x element, left-right), green (y, anteriorposterior) and blue (z, superior-inferior) (23) . For example, the corpus callosum that runs along the transverse axis is assigned to red, while the corticospinal tract that runs along the superior-inferior axis is assigned to blue.
The tensors of cerebral white matter can be reconstructed to track the 3-D fiber orientation from voxel to voxel and so the fiber tractography (FT) can demonstrate the gross fiber architecture by assuming that the direction of the least restricted diffusion represents the orientation of the nerve fibers. One method that is commonly used for FT is line propagation or the streamline techniques (24). When we set one or multiple regions of interests (ROIs) in the course of fiber projections in relation to known anatomic landmark, the tracking starts from a voxel from which a line is propagated in both the retrograde and antegrade directions based on the principle axis. Therefore, basic knowledge of brain anatomy is a requisite for drawing the starting and target lesions. Tracking is terminated when the fiber tract encounters a voxel with FA below the threshold value, and usually between 0.1 and 0.2, or a trajectory angle larger than the threshold, and usually between 25 and 45 degrees, by which in the vivo FT can be generated (Fig. 3) .
Probabilistic tractography is another way to reconstruct fiber trajectories (25, 26) . In contrast to the streamline approach that can reconstruct only one trajectory per seed voxel, the probabilistic approach is able to depict multiple pathways arising from the seed voxel by computing the probability of the dominant streamline passing through any single region (Fig. 4) . Therefore, this technique enables quantitatively evaluating the potential connectivities between the regions that have not been able to be identified on FT because of their nondominancy or uncertainty. 
Clinical Applications

Exploring Normal White Matter Tracts: Motor Network
As the diffusion in white matter is strongly anisotropic, DTI and FT can be used to demonstrate the white matter architecture and reconstruct the 3-D neuronal pathways. Some studies have tried to construct white matter atlases using DTI so that we can better understand white matter structures and their abnormalities (2, 27) . Among the white matter tracts, it is important to be aware of motor networks as motor dysfunction correlates well with the location and extent of the involved motor cortex and the various white matter tracts associated with voluntary or involuntary movement. For example, as the corticospinal tract at the level of the internal capsule is known to be organized somatotopically, the lesion location correlates well with the patient's symptoms (28) . The detailed anatomy of the corticospinal tract can be depicted with DTI-FT by placing ROIs in the longitudinal pontine fibers, the posterior limb of the internal capsule and the primary and premotor areas of the cerebral cortex (Fig. 5) . Further, a colorcoded map demonstrates four major fiber bundles in the centrum semiovale, where the conventional MR image shows homogeneous signal intensity, so that we can identify the corona radiate with including the corticospinal tract, the corticobulbar tract and the corticopontine tract (Fig. 6) .
The motor cortex is connected with other cortical areas and not only with adjacent gyri, but also with widely spaced gyri (29, 30) . The arcuate fasciculus, which is also seen as a part of the superior longitudinal fasciculus, runs from the pars triangularis and opercularis of the inferior frontal gyrus (Broca's area) into the superior temporal gyrus and inferior parietal lobule (Wernicke's area) and the arcuate fasciculus is also well demonstrated. Interestingly, this pathway shows strong asymmetry in the relative fiber density and FA and it is usually dominant on the left side (Fig. 7) . This finding is consistent with the left lateralization of language function in most humans. There can be some connectivity to ipsilateral temporal lobe, contralateral hemisphere or basal ganglia, although probability is very low. Overall shape is similar to streamline tractography in next figure. 
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The basal ganglia constitute a major structure for the operation of the entire motor system. Although some of the fibers associated with motor function between the thalamus and the basal ganglia cannot be demonstrated on FT due to other fibers crossing this area, the basal ganglia have connections with a large part of the cerebral cortex on FT, which suggests that the basal ganglia are the hub of motor connections.
The cerebellum is an important component of the motor system and it contributes to coordination. The superior cerebellar peduncle is the major output pathway of the cerebellum and the dentato-rubro-thalamo-cortical connection is a major pathway that passes through this peduncle, and the dentato-rubro-thalamo-cortical connection may be reconstructed with FT by locating ROIs in the primary and premotor areas, the thalamus, the red nucleus and the superior cerebellar peduncle (Fig. 8) .
The middle cerebellar peduncle is entirely composed of more than 20 million afferent fibers originating from the sensory and motor areas of the opposite cerebral cortex via the pontine nuclei and these fibers form the largest fiber system in the brain. Fiber tracts of the middle cerebellar peduncle form the transverse pontine fibers and some extend the cortical connections superiorly.
By demonstrating the motor networks with DTI-FT, we may be able to understand the clinical manifestations that are particularly associated with the white matter abnormalities that occur in developmental, neoplastic, demyelinating and neurodegenerative disorders, as well as helping to predict the motor sequelae preoperatively.
Pre-Surgical Planning
Diffusion tensor imaging-FT is beneficial for the surgical planning as well as for the postoperative assessment. With co-registration of DTI-FT to the high resolution anatomic images, we can use these techniques for surgical navigation (3) .
Defining the relationship between brain tumors or vascular malformations and the eloquent cortices and pathways, such as the motor, sensory and language tracts, is crucial for determining the extent of resection to minimize any postoperative neurologic deficits (Fig. 9) . The most common target for this evaluation is the corticospinal tract, which is the most direct pathway from the cerebral cortex to spinal motor neurons. Laundre et al. (31) reported that the preoperative corticospinal tract involvement determined on DTI was predictive of the presence of motor deficits, and even when the motor cortex was not involved. In addition, FT can be used to assess the reorganization of white matter after surgical resection of brain lesions, which was reported to be well correlated with neurological functions (32) . However, a disrupted tract does not necessarily represent direct damage to the tract, but this can be commonly noted to be a result of vasogenic edema and tract compression by the mass. Therefore, these techniques have to be used with a measure of caution.
Another issue for surgical planning is to delineate the exact margins of tumor infiltration as both tumor infiltration and peritumoral edema show T2 hyperintensity. The previous reports suggested that the MD and FA obtained from DTI may be helpful to distinguish tumor infiltration from vasogenic edema composed purely of extracellular water and consequently, to determine a tumor's resectability and the surgical approach (33, 34) .
In addition, DTI-FT can be used for the surgical planning of not only tumors, but also for epilepsy. DTI-FT is helpful to determine whether seizure foci involve the eloquent areas such as optic radiations as well as to assess the completeness of disconnection following callosotomy in patients with intractable epilepsy even after a period of years (4, 35, 36) (Fig. 10) .
Ischemic Stroke
Acute cerebral ischemia results in cytotoxic edema and a decrease in the extracellular volume fraction, and consequently this restricts diffusion in the ischemic brain (37, 38) . We can measure the tissue water diffusion with the MD of DTI, which removes the effects of anisotropy and myelin fiber orientation. Previous studies of both experimental and human stroke have demonstrated that the MD decreased in the acute phase was followed by normalization several days after stroke and there was a subsequent increase in the chronic phase (5, 39) . On the other hand, the diffusion anisotropy was elevated acutely and subacutely, but then it began to decline and it remained reduced in chronic infarcts. Therefore, the investigators identified three phases of diffusion abnormality (5): 1) reduced MD and elevated anisotropy, 2) reduced MD and reduced anisotropy and 3) elevated MD and reduced anisotropy. During the subacute and chronic phases of ischemia, degradation of restrictive barriers allows a larger net displacement of the water molecules and the result is an increased MD, whereas disruption of the cytoarchitecture results in a significant reduction in diffusion anisotropy.
We can also predict clinical sequelae with FT by assessing the relationship between the eloquent fiber tracts and Tractography clearly visualizes that mass is located at center of corticospinal tract. Fig. 10 . 14-year-old male with intractable seizure and previous right frontal lobectomy status. Selective callosotomy was planned because patient complained of repeated seizure attacks. Yellow fibers indicate commissural fibers between bilateral sensory-motor cortex, which were preserved after callosotomy, while other callosal fibers were disconnected (thick arrow at frontal fibers and thin arrows at splenial fibers).
Preoperative DTI Postoperative DTI Diffusion Tensor Imaging for White Matter Tracts and Its Clinical Applications small brain infarcts. For example, in patients with anterior choroidal artery infarcts, which involve the corticospinal tract and they cause motor dysfunction, reduced FA in the affected site and fiber disruption of the corticospinal tract may be an indicator of an unfavorable outcome (40) .
In addition, precise topographical evaluation with FT enables specific localization of lacunar infarctions in the corticospinal tract with regard to the affected body parts (28) . Similarly, the number of arcuate fasciculus fibers can be used to predict the prognosis of aphasia in patients with left middle cerebral artery infarcts, and this is of great clinical benefit (41). As mentioned above, the arcuate fasciculus normally shows asymmetry on FT, yet the patients with aphasia due to left middle cerebral artery infarcts lose the leftward asymmetry of these fibers, which may be a potential predictor of persistent aphasia.
In patients with stroke, measuring the changes of anisotropy with DTI may be useful for characterizing the progression of the ischemic lesion as well as assessing the potential outcome in response to the initial ischemic injury (Fig. 11) .
Developmental Anomaly
Diffusion tensor imaging has been used for the non-invasive evaluation of cortical development in preterm newborns and for detecting derangement of its cytoarchitecture. High anisotropy of the cortex in the developing brain reflects the radial glial fiber system that guides the neuronal migration from the ependymal portion to the cortex (42) . DTI also provides a better understanding of the pathogenetic mechanisms of developmental anomalies by describing the fiber pathways and aberrant fiber connections. Although DTI has limited values for evaluating the gray matter abnormalities due to the low FA of the gray matter, the white matter adjacent to the dysplastic cortex can be assessed by DTI-FT. In cortical dysplasia, decreased FA around the corticomedullary junction and decreased fiber connections around the affected area in comparison with the normal contralateral side have been demonstrated (6) . When combined with other imaging modalities such as MR spectroscopy and advanced sequences like double inversion recovery and positron emission tomography (PET), DTI provides additional information for making the definite diagnosis of cortical dysplasia (Fig. 12) . In patients with band heterotopias, a previous study suggested that the areas of high connectivity found in the band heterotopias in accordance with the histopathologic findings and the absence of focal neurologic deficit indicated the structural basis of the functional connectivity (43) . Although complete or partial agenesis of the corpus callosum can be readily diagnosed on conventional MR imaging, DTI-FT provides additional information about the fibers connected through a partially remaining corpus callosum (6). Hoon et al. (44) reported that the disruption of sensory connections is responsible for motor impairment in patients with periventricular leukomalacia. On DTI-FT, the connecting fibers connected to the sensory cortex were markedly reduced, whereas the corticospinal tracts appeared normal.
Neurodegenerative Disease
Diffusion tensor imaging has also been used to evaluate patients with neurodegenerative diseases. White matter starts to undergo changes with age at a microstructural level, including neuronal shrinkage, demyelination and axonal changes that are demonstrated as hyperintensities on T2-weighted MR imaging (45) . DTI studies in aging patients have revealed that reduced FA and increased MD in the frontal white matter (WM) and the genu of the corpus callosum may result in cognitive decline (46, 47) . On the other hand, in patients with Alzheimer's disease, DTI has shown reduced anisotropy in the parietal and temporal WM, the corpus callosum and the posterior cingulum fibers (and the latter connects the parahippocampal gyrus and posterior cingulated gyrus) due to neurodegenerative processes (48) . Similarly, patients with Alzheimer's disease or frontotemporal lobar degeneration have shown decreased FA and increased MD in the bilateral uncinate fasciculus, which is believed to play a role in cognitive and memory function, and the values of diffusivity were subsequently correlated with the severity of the disease process (49, 50) . In addition, reduced anisotropy in the posterior cingulum, temporal WM, parietal WM and parahippocampal WM was found in mild cognitive impairment and a continuum spanning from normal aging to Alzheimer's disease, with greater posterior than anterior involvement (7, 48) . It was reported that 11-17% of individuals with mild cognitive impairment progress to dementia annually (51) , and so DTI may be useful for the early identification of patients with mild cognitive impairment and who are at risk of progressing to dementia.
A previous study using DTI reported that de novo patients with Parkinson disease can be distinguished from healthy individuals even in the early stage with high accuracy by demonstrating reduced FA in the substantial nigra and especially in the caudal segment (52) . These results suggested that DTI has the potential to serve as a noninvasive early biomarker for Parkinson disease.
Psychiatric Disease
Diffusion tensor imaging has been used for demonstrating WM abnormalities as quantified by anisotropy measures in a variety of psychiatric diseases such as schizophrenia, behavior disorder and mood disorder (8, 53) . Among them, schizophrenia is one of the most commonly investigated psychiatric diseases. Although the findings in schizophrenia are inconsistent across DTI studies in terms of the affected brain regions, including the corpus callosum, the arcuate fasciculus, the cingulum bundle and the cerebellar peduncles, many studies have identified reduced FA in the frontal and temporal WM and this suggested that a disturbance in connectivity between different brain areas may be responsible for the clinical symptoms (53) (54) (55) .
Limitations
Diffusion tensor imaging and FT provide useful anatomic information and they can be applied to many maladies/ clinical settings, but of course there are limitations.
First, although there have been attempts to validate these imaging techniques histologically and radiologically, Fig. 12 . 8-year-old male with intractable seizure. Conventional spin-echo and inversion recovery (IR) MRI shows no definite abnormality of frontal cortex. PET demonstrates decreased metabolism at right frontal cortex (thick arrow). MR spectroscopy describes increased choline level in right frontal cortex. Tractography of both hemispheres reveals decreased subcortical fiber connectivity in left frontal cortex (thin arrows). In this case, tractography was more sensitive than other conventional MRI modalities and it can be compared with PET or MR spectroscopy.
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there is no gold standard for in vivo FT (56) (57) (58) .
Second, as DTI provides indirect information about axonal structures by averaging the water diffusion properties within a voxel (10) , and many pathways can be obscured by the dominant nerve fibers or the fiber trajectories may fail to follow crossed or branching fibers, or even phantom connections are depicted. If there is a nonuniform distribution of fiber directions, then the eigenvector associated with the largest eigenvalue only corresponds to the averaged fiber direction within the voxel, and this may not necessarily reflex the nerve fibers crossing the voxel. This shortcoming of FT based on the diffusion tensor model could be mitigated with high-angular resolution diffusion imaging such as q-ball imaging, a multitensor model and diffusion spectral imaging by sampling more diffusion weighted directions with stronger diffusion gradients (59) .
Third, many factors may influence the ability of DTI in clinical applications. The fiber tracking technique is highly operator-dependent. Therefore, the standard ROI location and placement of an adequate threshold value for fiber tracking are essential for achieving an objective, uniform fiber tracking result. Further, the field strength of the magnet and the spatial resolution may affect the image quality of DTI. Additionally, noise and artifacts such as eddy currents, and susceptibility and motion artifacts result in uncertainty about the orientation of the diffusion tensor and the position of fiber tracks.
CONCLUSION
As DTI and FT become more widely used for diagnosis and treatment, it is critical for radiologists to understand the capabilities and limitations of these techniques. Future improvements of the MR hardware and imaging techniques will allow routinely performing tractography in the clinical setting. Yet this technique needs to be standardized to obtain objective and reproducible results.
